SUMMARY Diverticular disease of the sigmoid colon is an increasingly common clinical problem in the ageing population of western industrialised countries but the mechanism by which the disease develops remains unknown. The muscular abnormality is the most striking and consistent feature and this has been studied by light and electron microscopy in 25 surgical specimens of uncomplicated diverticular disease and in 25 controls. This is the first ultrastructural study of human colonic muscle to be published and shows that the muscle cells in diverticular disease are normal; neither hypertrophy nor hyperplasia is present. There is, however, an increase in the elastin content of the taeniae coli by greater than 200% compared with controls: elastin is laid down between the muscle cells and the normal fascicular pattern of the taeniae coli is distorted. There is no alteration in the elastin content of the circular muscle. As elastin is laid down in a contracted form, this elastosis may be responsible for the shortening or 'contracture' of the taeniae which in turn leads to the characteristic concertina-like corrugation of the circular muscle. Such a structural change could explain the altered behaviour of the colon wall in diverticular disease and its failure to change on treatment with bran. The complications of diverticular disease -that is, abscess formation, perforation, fistula, obstruction, and haemorrhage -are well recognised6 but the mechanism by which the disease develops, its aetiology and pathogenesis, remain unknown.7
encompassing 30% of the population over the age of 60 and perhaps 60% of the population over 80. 5 The complications of diverticular disease -that is, abscess formation, perforation, fistula, obstruction, and haemorrhage -are well recognised6 but the mechanism by which the disease develops, its aetiology and pathogenesis, remain unknown.7
The muscular abnormality8 is the most striking and consistent feature in diverticular disease of the sigmoid colon both in surgical specimens9 and at necropsy.') The increase in thickening of both the abnormality that is a diagnostic sign in barium enema radiographs. 12 Neither hypertrophy nor hyperplasia of the muscle cells, however, has ever been convincingly demonstrated'3 14 and the cause of the muscle abnormality remains obscure. It is known that the thickness of the colon wall increases with age, as does the amount of elastic tissue within it. 1' As diverticular disease also increases with age'6 a possible role for elastin in the pathogenesis of the condition has been investigated.
Methods

PATIENTS
The muscle and its connective tissue architecture were studied by light and electron microscopy in 25 surgical specimens of sigmoid colon removed from patients undergoing surgery for 'painful' diverticular disease. (They had no history of any of the complications of the condition but the diagnosis was confirmed by barium enema radiography.) These specimens were received fresh immediately after resection and subsequent examination confirmed the absence of pericolic abscess, inflammation or fibrosis.
The control group was composed of 25 specimens of normal sigmoid colon removed during operation for small non-obstructing rectal neoplasms: specimens were excluded if there was radiological or macroscopic evidence of concomitant diverticular disease. The patients in this group were age and sex matched with those in the experimental group.
For light microscopy, the specimens were opened along the antimesenteric border and pinned flat on a cork board before fixation in buffered formalin. Tissue was then taken from the mesenteric and both the antimesenteric taeniae as well as the circular muscle at 5 cm intervals along each specimen (a minimum of 12 blocks per specimen); serial sections were cut from each block and stained with haematoxylin and eosin, van Gieson's stain for collagen and Victoria blue in a modification of Weigert's method (this is highly specific for elastin fibres).17 A minimum of 12 sections per block were examined.
Transverse segments of colon 5*0 cm long were taken for electron microscopy at 5 cm intervals along the length of each fresh specimen (alternating with the material used for light microscopy). These segments were kept intact and distended with 4% glutaraldehyde with 0.1% sodium cacodylate buffer and an added physiological concentration of calcium ions at pH 7*4. The distended segments were then submer ed in the same fixative and fixed for 18 hours.7The colon segments were then diced to 1 cubic millimetre cubes and post-osmicated in buffered Osmium tetroxide. Thin sections were then cut and stained with lead citrate and uranyl acetate.19 In order to examine the elastin in more detail, some sections were stained with Ruthenium red.20 Hundreds of sections from each area were studied and randomly photographed using an Hitachi HS9 electron microscope.
Elastic fibres were quantified using a morphometric method developed by Niewoehner and Collagen fibres are abundant, surrounding each cell and running parallel to them; they are also condensed into bundles between fasciculi. Elastin is much more sparsely distributed with coarse fibres concentrated around the myenteric plexus and between the fasciculi (Figs. 1 and 3 ). These fibres form a widely spaced meshwork, running diagonally through the substance of the muscle layer. Larger spaces in the interfibrillary matrix contain capillaries, nerve fibres and interstitial cells.
The longitudinal muscle forms a continuous coat, with three thick taeniae separated by a very much thinner intertaenial zone. The taeniae are also composed of fasciculi: their substructure is similar to that in the circular layer but there is a greater amount of collagen and elastin between the fasciculi. The circular and longitudinal layers are bound together by groups of muscle cells running from the taeniae into the circular layer, accompanied by collagen and elastin fibres, but particularly the latter.
SIGMOID COLON IN DIVERTICULAR DISEASE
In diverticular disease there is prominent thickening of both the circular layer and the taeniae coli. The taeniae are almost cartilaginous in texture and, macroscopically, the fasciculi are individually more prominent.
In the circular muscle, there is exaggeration of the crescentic bands and their fascicular pattern: the fasciculi are attenuated and their width reduced to 10-50 microns. The increase in thickness may be even or may occur in irregular bands, giving a 'wavey' appearance to the submucosal edge of the muscle; the thickness is further increased by the folding up of adjacent areas of muscle upon themselves.
The taeniae show only a uniform increase in thickness with none of the variations seen in the circular layer. In neither muscle layer is there evidence of contraction -shortened, fatter nuclear profiles, folded cell margins or increased intensity of staining.
Light microscopy reveals an obvious increase in the content of both coarse and fine elastin fibres in the taeniae coli (Fig. 2) . The normal fascicular pattern is distorted and a much denser meshwork of fibres runs through the muscle cells (Fig. 4) group.bmj.com on May 2, 2017 -Published by http://gut.bmj.com/ Downloaded from Fe. group.bmj.com on May 2, 2017 -Published by http://gut.bmj.com/ Downloaded from of elastin around the fasciculi is also increased.
The amount and distribution of elastin in the circular muscle is not increased. The appearance and amount of collagen is normal in both muscle layers. There is no change in the ratio of muscle cells to matrix but there is more elastin within the latter.
ELECTRON MICROSCOPE APPEARANCES: NORMAL SIGMOID COLON
The muscle cells are of uniform size and spindle shape; because of their small size they have a high ,tirface-to-volume ratio. The ellipsoid nuclei are centrally placed and nucleoli are seen in about 5% of nucleated cells. Within the cell mitochondria and elements of smooth endoplasmic reticulum lie close to the cell membrane and near the nuclear poles. Smaller amounts of rough endoplasmic reticulum lie within the cytoplasm (Fig. 5) .
The cell surface is modified by several special structures. Rows of caveolae (spheroidal invaginations of the cell membrane with a narrow opening to the extracellular space) alternate with dense bands which are the site of insertion of actin filaments. Both are arranged parallel to the long axis of the cell and together they cover the greater part of the cell membrane.
Gap junctions of two types are seen: either slightly raised from the cell surface or on short processes. They do not show a regular arrangement along the cell but are present in equal numbers in both the taeniae and the circular muscle.
Mainly at the ends of the cells and in the region of the dense bands, anchoring fibrils link the cells to the collagen component of the interfibrillary matrix.
Elastin is also seen closely apposed to some muscle cells but this is less common and anchoring fibrils could not be identified.
Within the muscle bundles, the dense bands of adjacent cells often lie opposite to one another, forming intermediate junctions and here electron dense material is seen between the cells. Such junctions often link the tip of one cell to the central part of a neighbouring cell. In contraction, these bands remain in apposition and it is the caveolae bearing part of the cell that is distorted. The cells can also be linked by interdigitations in the cell membrane at the tapered ends.
Collagen fibres are readily identified by their characteristic cross-striations: the period length in this study was 45-50 nm. The fibres themselves are uniform in size, about 35 mm in diameter. They run singly between the cells and, as a result of their insertion into the dense bands, link the muscle cells both to the matrix and to one another (Fig. 5 matures.25 Most of the elastin in both muscle layers was electron lucent and therefore mature, but a little darker staining material was seen. Only rarely were fine filaments seen in isolation, suggesting that elastogenesis was proceeding at a slow rate.
Under the electron microscope, elastin fibres have a wavey appearance and are mainly seen between muscle bundles confirming the light microscope appearances. They run longitudinally and transversely in the same plane thus forming the diagonal meshwork. No structural attachment of elastin fibres to the cells could be made out.
SIGMOID COLON IN DIVERTICULAR DISEASE
The muscle cells are of uniform size in both muscle layers: although the fasciculi in the circular muscle layer are attenuated, the cells within them are arranged in an identical manner. The complement of organelles is unchanged and there is no increase in mitochondria or rough endoplasmic reticulum that would suggest altered cell activity. The cell profiles are unchanged with no difference in the numbers or arrangement of the caveolae or dense bands. Gap junctions and intermediate junctions between muscle cells in both layers and between muscle and interstitial cells in the taeniae are not altered in size or number. The muscle cells appear no different from those in the normal sigmoid colon (Fig. 6 ).
The collagen content and organisation is not altered in either muscle layer: this provides corroborative evidence that the muscle cells are not hypertrophic as such a change is accompanied by an increase in the collagen content of the muscle involved.
Electron microscopy confirms the increase in the elastin content of the taeniae but not the circular muscle compared with controls. There is no difference in the ultrastructure of coarse and fine fibres other than that of size. A much greater variety in the staining of elastin was noted, with some fibres staining darkly, suggesting recent deposition. Isolated groups of fine filaments were seen lying alone in the matrix: this suggests active elastogenesis. In some areas, especially near the neurovascular bundles, where a greater amount of elastin is concentrated, the elastin had an almost lamellar appearance like that seen in the elastic lamina of small arteries. different types of muscle.
Elastin was quantified by high power light microscopy: the increase in elastin in normal taeniae compared to circular muscle seen subjectively was confirmed. There was no difference in the number of coarse or fine fibres in the circular muscle in diverticular disease compared with controls but there was a highly significant difference between the amount of both coarse and fine fibres in the taeniae of the two groups ( Table 2 ). The elastin content of the taeniae in diverticular disease was increased by at least 200% compared with controls.
Discussion
This study has shown that although the circular The advantage of access to specimens of uncomplicated diverticular disease meant that any change that was observed was not a response to inflammation, fibrosis, or obstruction. The muscle thickening takes place at an early stage in the disease: the pattern of the circular muscle bands is similar to that seen in a necropsy study which concluded that the thickened taeniae showed no demonstrable abnormality. 10 Light microscope sections of the taeniae stained with haematoxylin and eosin in this study also showed no abnormality but prominent elastosis was observed using a special stain for elastin.
Muscle cell hypertrophy has been reported in one morphometric study but most of the specimens studied were complicated by inflammation, some extensively, and different specimens were fixed under different conditions. " Our morphometric measurements have shown no evidence of hypertrophy -that is, cells with a greater cytoplasm-tonucleus ratio, invaginated membrane or increased intercellular collagen. There is also no evidence of hyperplasia -that is, increased packing density of cells or increased mitotic figures. Equally important, there was no electron microscopic evidence of sustained contraction in either muscle layer although such contraction has been considered important in the pathogenesis of the muscle thickening. 26 The elastosis is confined to the taeniae where increased elastin is seen both around individual muscle cells and the fasciculi (Fig. 1-4 ). This pattern of elastosis is important as otherwide any increase of elastin might be assumed to be spurious.
In the presence of normal muscle cells it would appear that the elastosis within the taeniae is the primary change in diverticular disease. This explains the macroscopic and microscopic appearances in the following way. The taeniae shorten the sigmoid colon by about one sixth normally and they act as cables against which the circular muscle can contract. If the taeniae shorten further, they increase the thickness of the circular layer without any change in the morphology or physiology of that layer itself. As shortening proceeds, the thickness increases and eventually the circular muscle folds up on itself to produce the characteristic concertina-like folds.
Elastin molecules take the form of beta helical spirals and they are laid down in a contracted state27 thus maintaining the taeniae in a shortened position. An increase in the amount of elastin in the taeniae would therefore increase the distensibility of the bowel wall, as is the case in diverticular disease.28 A structural change of this sort could also explain why treatment with bran fails to alter the tone and strength of the bowel wall. 29 The crescentic folds of the circular muscle are much more prominent and much closer to one another in diverticular disease and it is easy to see that when the circular muscle contracts, isolated segments of high pressure, as described by Painter,30 can be formed. Increased intraluminal pressure stimulates further elastin production and the elastosis of the taeniae comes to resemble that seen in the wall of the pulmonary artery in pulmonary hypertension. 31 The initiating factor in the aetiology of elastosis could be the small stools produced on a 'western' diet which only intermittently distend the colon. Such intermittent distension of smooth muscle triggers an increased uptake of matrix constituents (particularly proline) at other sites.32 Such a change is independent of alterations in motility and this could correlate with studies showing a normal motility index in asymptomatic patients. 33 The muscular thickening in uncomplicated diverticular disease can therefore be explained in terms of elastosis and contracture of the taeniae coli in the presence of normal muscle cells. This does not exclude the possibility that hypertrophy or hyperplasia of muscle cells and further elastosis may 
